Background: Nickel, one of the transition metals synthesised with chalcogenides such as Se, S and Te with possible combinations of nickel chalcogenides such as NiS 2 , NiSe, NiSe 2 and Ni 3 Se 2 . The combination of nickel and telluride are the fewest being observed due to the nature of tellurium that is relatively heavier than both sulphur and selenium, thus poorly-adhesive onto the substrate. Methods: Therefore, NiTe 2 thin film is being synthesised onto the indium tin oxide (ITO) coated glass substrates with the complex additives (Triethanolamine, TEA and ethylenediaminetetraacetic acid, EDTA) and their properties are studied. The present work is focusing on the NiTe 2 synthesise through electrochemical route. Results: Cyclic voltammetry experiments have been done prior to electrodeposition in order to get the electrodeposition potential range. The observable reduction range is between −0.9−(−1.1) V with 5−10 min induction period of full thin film distribution depending upon the electrolyte conditions.
Background
There are many synthesis routes of thin-film solar cells namely spray pyrolysis, pulsed laser deposition (PLD), chemical bath deposition, magnetron sputtering, molecular beam epitaxy and thermal evaporation which require the use of expensive machines, thus involving the high capital cost (Ilican et al. 2008; Patel 2012) . Electrodeposition is introduced to cater the fabrication of thin films cost-effectively. Ability of large-scale deposition in complex shape, minimum waste of component and easy monitoring are among the advantages offered by this method (Shariza & Anand 2011; Anand 2009 ). Depending upon the type of additive, the film properties such as optical absorption, thermal stability, structure, morphology and adhesion onto the substrate has been studied (Junlabhut et al. 2013; Tayal et al. 2013; Vajargah et al. 2013; Anand & Shariza 2012) . Solar cell is one of the promising alternative green energy sources that can provide free electricity when sunlight is converted. The absorbent materials and their synthesis methods are subject of interest mainly due to solar panel installation cost despite of free electricity generated. The well-known silicon solar cells made, either amorphous or polycrystalline, are good in conversion efficiency up to 17%, but their high cost drives the researchers to look for new materials (Xin et al. 2012) . Semiconducting materials in thin film form such as InP, SnO 2 and ZnO are being studied as the alternative materials, but are not commercialised due to their poor conversion efficiency. Another group of semiconductor compounds known as transition metal chalcogenides (TMC) have been developed to be used as the absorbent materials. Consisting of transition metals and chalcogenides (S, Se and Te), they show promising solar absorbent properties such as semiconducting band gap, good adhesion to substrate and good conversion with better cost-effectiveness. There are many TMC compounds synthesised, including copper indium selenide (CIS), CdS, CdTe, etc. (Balakrishnan & Muthusamy 2011; Radu et al. 2011 ).
Thin films referred as transition metal chalcogenides (TMC) have alternatively been used as the absorbent material for solar cells to replace the widely used silicon. Though many thin films of oxides, sulphides and selenide have been synthesised, only few studies of telluride thin films such as Bi 2 Te 3 , Hg 1−x Cd x Te, CdTe, CoTe and Ag 2 Te have been reported (Asokan et al. 2008; Peng et al. 2003; Sander et al. 2002) . As one of the transition metal chalcogenides, nickel telluride, NiTe 2 , has been deposited in the form of thin film onto indium tin oxide (ITO)-coated glass substrates to be further developed into thin film solar cell. Though there is no reported literature about the use of NiTe 2 to function as a solar cell, this has the high potential to be the candidate material of a solar cell. The syntheses of telluride thin films involve several techniques such as physical vapour deposition (PVD), metal organic vapour chemical deposition (MOCVD), solvothermal methods, coreduction method (in-situ) and electrodeposition (Peng et al. 2003) . The PVD technique is excellent for goodquality film growth but is difficult to scale up (Anand et al. 2013a) . The absorber layers for high-quality devices are typically synthesised via high vacuum deposition processes such as co-evaporation that is costly due to initial cost of equipment and production of vacuum (Ikeda et al. 2011) .
Therefore, there is a great interest in developing nonvacuum, large-scale and low-cost technique such as electrodeposition (Anand et al. 2013a ) for preparing NiTe 2 thin films. Low-temperature processing results in the costeffectiveness of this technique. Also, there is negligible waste of chemicals with better utilisation efficiencies. Semiconducting tellurides have great potential applications in optoelectronic devices including photovoltaic devices, light emitting diodes (LED), biological sensors and nanoscale electronics (Sander et al. 2002; Ling et al. 2010) . NiTe 2 in the form of nanorods were successfully synthesised through solvothermal method at temperatures (160°C and 180°C for 10 and 15 h, respectively) (Bin et al. 1999) . Besides, NiTe 2 nanoflakes and their self-assembled nanoflake arrays (1-D nanostructures) were prepared by a single-step hydrothermal method (Ling et al. 2010 ). The single-step electrodeposition is the most desirable way to simplify thin film fabrication, thus would be used to synthesise NiTe 2 thin films (Anand et al. 2013a ). The use of additives in thin film syntheses has been implemented where hexagonal NiTe 2 Sources: Aricò et al. 1997; Saloniemi et al. 1998; Takahashi et al. 1994 . Table 2 The tabulation of additive concentration nanoplates have been synthesised through an ethylenediaminetetracetic acid (EDTA)-assisted hydrothermal reaction and NiSe 2 thin films have been obtained via triethanolamine (TEA)-assisted electrodeposition techniques (Liu et al. 2009; Anand et al. 2013b) . In this paper, the preparation of NiTe 2 thin films by the electrodeposition technique has been presented in different electrolyte conditions, deposition potential and deposition time with the use of both TEA and EDTA additives, separately. The effect of these additives has been thoroughly investigated prior to thin film characterisations.
Methods
Thin-film fabrication began with the preparation of the substrates. The conductive ITO-coated conducting glass substrates with 7 Ω/cm 2 resistivity were ultrasonically cleaned in ethanol and subsequently in distilled water for 10 min each at 60°C (Anuar et al. 2010; Hesson 2012 ). Then, they are dried at 60°C (Zhuang et al. 2006) . The experiment then continues with the preparation of electrolytes as specified in Table 1 . The standard three-electrode cell configuration was used where ITO-coated glasses were used as the substrates (working electrode) of NiTe 2 thin films (Ikeda et al. 2011) . The graphite and Ag/AgCl (3.33 M KCl) electrodes were used as counter and reference electrode, respectively (Takahashi et al. 1994 ). Both cyclic voltammetry (CV) and electrodeposition were run by using DC Voltammetry System (Princeton Applied ResearchVersaSTAT 3) driven by VersaStudio software.
The cyclic voltammetry was run in the standard −2 to 2 V potential range with 30 min and 0.02 V/s being the time and scan rate, in order to get the most appropriate potential range of electrodeposition with respect to Table 3 The optimum additive concentration, deposition potential and deposition time electrolyte conditions. The temperature was controlled to 40°C ± 2°C (Anand et al. 2013b ). The first lower peak and subsequent upper peak of cyclic voltammograms represent the reduction and oxidation processes of the ions in electrolyte respectively. Once the potential range was obtained, the electrodeposition experiments had been conducted in three different electrolyte conditions as described in Table 1 in order to determine the optimum deposition potential and deposition time of NiTe 2 thinfilm electrodeposition. The effect of additive concentration had been studied by varying the concentration of both EDTA and TEA with optimum deposition potential and time as described in Table 2 . To observe the crystal structure of the thin film, X-ray diffraction (XRD) analysis has been done by using PANalytical XPERT PROMPD PW 3040/60 diffractometer (Almelo, The Netherlands) using monochromatic Cu K α radiation (λ = 1.5418 Ǻ) at 2θ angles in the range of 0°t o 90° (Anand et al. 2013b ).
Results and discussion
Cyclic voltammetry and optimum parameters of thin-film electrodeposition As shown in Figure 1 (a,b,c, both reduction and oxidation process take place during CV. In the absence of additive, the cathodic current onset is observable at about −1.9 V during the forward scan, followed by a steady current rise up to about −1.1 V. The deposition reaction was re-verified by the reverse scan where the interception currents occurred at −0.5, −0.75 and −0.9 V. During the reverse scan, co-deposition occurs in the negative potential range with the decreasing current value as the deposition potential is scanned towards more negative value (cathodic region) (Zainal et al. 2005 ). On the other hand, by reversing the potential scanning, the reduction process takes place in a relatively short range in the presence of EDTA, between −0.3 and −0.8 V. These potentials are not appropriate for electrodeposition, causing the overload of the three-cell electrode system, showing that acidic electrolyte (in the presence of EDTA) is not suitable in synthesising the NiTe 2 thin films.
As shown in Figure 1c , the forward scan raises and intercepts at −1.25 V suggesting a reduction process. The reduction of nickel (II) ions to form a solid nickel compound onto the substrate occurs in this reduction region (Zainal et al. 2005) . Thus, the electrodeposition potential lies within this region, between −0.4 and −1.25 V. It appears that the −1.1 to −1.0 V was the most suitable potential once a few electrodeposition experiments had been conducted. The current value is increased as the deposition potential is scanned towards more positive value (anodic region). During the reverse scan, co-deposition occurs in the negative potential range. The deposition of both nickel (Ni) and tellurium (Te) on the conductive glass surface continued until all the equilibrium potential is achieved at another interception between forward and reverse scan at about −1.25 V versus Ag/AgCl. The current rise at about −0.4 V, followed by a large anodic wave indicates the oxidation of the nickel compound (Zainal et al. 2005) . A few overloads have occurred due to the use of inappropriate potential during electrodeposition, preventing the completion of film deposition. The films deposited in the absence of an additive have poor film adhesion and distribution in grey where the film distribution is not uniform at all potentials shown in Figure 2a . TEA results in black-coloured uniform film formation, whereas the dull-grey-coloured uniform films are observable in the case of the use of the EDTA additive as shown in Figure 2b ,c, respectively. It was found that EDTA works well in producing uniform and bright coatings (Haiyan et al. 2011) . Based on the film adhesion, uniformity and distribution, the optimum deposition potential and time are concluded in Table 3 . These values are compared with respect to different deposition potentials.
A few electrodeposition experiments using EDTA in different concentrations revealed that the dark-grey film distribution was in good uniformity within the concentration range with 0.0265 M being the best EDTA concentration; however, the film adhesion started to become poor at 0.053 M and above. In the case of TEA, the optimum concentration was 0.1 M. Both 0.15 and 0.20 M TEA resulted in darker and poor-adherent films. On the contrary, the brighter films were acquired using 0.05 M TEA, but their adhesions were poor as well.
Structural studies
The XRD patterns of the electrodeposited nickel telluride thin film on ITO-coated glass substrate is shown in Figures 3,4 ,5. Due to the amorphous nature of the ITOcoated glass substrate, the diffract grams begin with a high peak intensity. The XRD peaks identified in the figure have been indexed with the help of the Joint Committee of Powder Diffraction Standards (JCPDS) file and the corresponding data are summarised in Tables 4,5 ,6,7. The sharp diffractogram peaks reveal that the nickel telluride films deposited on ITO-coated glass substrates are polycrystalline in nature (Shariza & Anand 2011 ). In the absence of an additive, the peaks are identified as (220), (311), (222) and (400) (222), (400), (441) and (622) planes of ITO (Zainal et al. 2005; Haiyan et al. 2011) . The structural features fit into the cubic structure of Ni 3 Te 2 films with lattice parameter values a = b = c = 0.5760 nm which are in good agreement with the standard values (JCPDS, ICDD, Card No. 00-019-0845). However, the stoichiometry is not in the film prepared without the influence of additive.
It can be seen in Figure 3 that at all deposition potentials, the peaks of ITO are more prominent in intensity. At −1 V deposition time, the film peak intensities are at the highest, especially that of (220) and (311) planes at 2θ = 44.439°and 52.683°, showing that −1 V is the optimum potential at this particular electrolyte condition. ITO peaks at 2θ = 50.978 have shrunk at −0.9 and −0.1 V due to the growth of (311) plane films which has surmounted over the ITO. The interplanar distances 'd' corresponding to different h k l planes have been calculated from the X-ray diffractograms while the crystallite sizes are calculated from the measurement of full-width at half-maximum (FWHM) in different X-ray peaks, giving the values in the range of 9 to 20 nm. Figure 4 shows the XRD patterns of non-stoichiometric nickel telluride, Ni 3 Te 2.07 thin film deposited in the presence of EDTA corresponding to different deposition potentials. The peaks are identified as (210) and (212) . Also, it can be seen that the film peak is relatively fewer at −1.0 V as compared to the ones at −0.9 and −1.1 V. The film peak intensity of (210) plane is the highest at −1.1 V suggesting that −1.1 V is the optimum potential at this electrolyte condition. The ITO peaks having (400), (441) and (622) planes show the observable decrease in intensity at each potential.
The film peaks matching the stoichiometric NiTe 2 are detected in Figure 5 diffractograms. The peaks are identified as (101) and (102) planes of NiTe 2 . The structural features fit into the hexagonal structure of NiTe 2 with lattice parameter values a = b = 0.3843 nm and c = 0.5265 nm which are in good agreement with the standard values (JCPDS, ICDD, Card No. 00-008-0004; Rotlevi et al. 2001) . At 2θ = 31.704 at −0.9 V and 2θ = 43.917 at both −1.0 and −1.1 V, only one peak is obviously detected each with slightly higher intensity peak at −1.0 V, suggesting its optimum potential. The (400), (441) and (622) planes of ITO peaks relatively decrease at both −0.9 and −1.1 V.
Conclusion
Through the electrodeposition route, NiTe 2 thin films have been successfully deposited onto ITO-coated glass substrates at −1.1 to −1.0 deposition potential range and 5 to 30 minutes deposition time. The presence of TEA in basic condition results in black-coloured and well-distributed stoichiometric films with good adhesion, enabling the optimum solar energy absorption as proven by structural studies and film appearance observation. It is found that the acidic electrolyte is not suitable for depositing NiTe 2 thin films as proven by the inappropriate reduction range and poor adhesion of films. These values are compared with respect to different deposition potentials.
